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In the SU(3)x SU(2)X U(l) low energy models with softly broken supersymmetry, a dangerously large value of the electric dipole moment (EDM) of neutron is induced from one·loop contributions through the exchange of superparticles (inos and scalar quarks).
In this paper we analyze all the one· loop contributions to the EDM of neutron and find the condition among complex phases of parameters to suppress the EDM. We present two models which realize this condition and also are consistent with all the present experimental data. § 
Introduction
Softly broken supersymmetric models have attracted attention as phenomenologically acceptable. ones of unified theory.l) In these models the gauge hierarchy problem is solved naturally owing to the non-renormalization theorem of supersymmetry (SUSY), and also unwanted light particles can be avoided by SUSY breaking terms.
It has been found that the matter-coupled N = 1 local SUSY (supergravity), when hroken spontaneously, can induce soft SUSY breaking terms.
2 )
The models thus obtained from local SUSY have some interesting features. First the soft SUSY breaking parameters are related in a systematic way. Second, in SU(3)x SU(2)X U(l) model consisting of quarks, leptons and two Higgs doublets, SU (2) x U (1) breaking is triggered by the radiative corrections to the mass terms of scalar particles. 3 ), 4) In such models some soft SUSY breaking parameters (gaugino masses, scalar 3-point and 2-point couplings) are in general complex and these parameters become a new source of CP-violation through the exchange of superparticles (inos, scalar quarks and scalar leptons). In this new CP-violation mechanism the electric dipole moment (EDM) of neutron has been predicted to be of order 1O-22 e'cm times CP-violating phases 5 ) if the masses of superparticles are of order 100 GeV, while the present experimental upper bound is 4X10-25 e·cm. 6 ) In order that this predicted value of the EDM is consistent with the experimental bound, CP-violating phases should be smaller than 10-3 • Such a small value of phase is considered unnatural. On the other hand in the Kobayasih-Maskawa (KM) mechanism for CP-violation,7) the EDM of neutron is predicted to be about e'cm 8 ) and in the supersymmetric version of the KM mechanism, the EDM due to gauge interaction has been evaluated to be of order 10-28 e·cm. 9 ) These predictions are consistent with the present experimental bound. Thus it is necessary for the validity of softly broken models to find a suppression mechanism of the EDM.
So far sevral authors have estimated the EDM of neutron 5 ) in the SU(3)xSU (2) x U(l) softly broken supersymmetric model. However, their estimations do not seem to be adequate to discuss the suppression of EDM because they estimated only some main parts of all contributions to the EDM. In this paper we estimate all one-loop contributions to the EDM of neutron for the systematic study of suppression. Using Rrotation we investigate how many complex phases can be removed by the redefinition of the phases of fields. It is shown that all complex phases cannot be absorbed, so that it is impossible to suppress all large contributions to the EDM only by the redefinition of the phases. We discuss the condition to suppress the EDM and show two realistic models which satisfy this condition naturally. This paper is organized as follows: In §2 the model is presented and its general features are discussed. In §3 various contributions to the EDM of neutron are estimated. In §4 we discuss the number of independent complex phases of parameters and give two realistic models which have mechanisms to suppress the EDM. The final section is devoted to summary and discussion. § Here 1: soft is the soft breaking terms due to the breakdown of local SUSY. In the above expressions we adopted the notation of Alvarez-Gaume, Polchinski and Wise. 4 ) For example if n C and [; n ( Un c, 15 n c, Q n) represent matter chiral superfields corresponding to leptons (quarks) of the n-th generation, ii and ii' represent Higgs chiral superfields. Gauginos associated with 5U(3), 5U (2) and U (1) symmetries are expressed by ,13, , 12 and AI, respectively. The scalar components of chiral superfields are expressed without superhat, -.
Let us discuss relations among parameters in Lagrangian (2·2 
Here 
(2-13)
Mass eigenstates are represented by (Sd)j (j=1, 2). As we saw in this section, there are two origins of CP violation. One is the complex Yukawa coupling constants which appear in the Lagrangian. Another is the complex mass matrices. These two give the contributions to the EDM of neutron, which we will discuss in detail in the next section. § 
The electric dipole moment of neutron
The electric dipole moment (EDM) of neutron (Dneutron) is estimated by adding the EDM's of u-quark (Du) and two d-quarks (Dd), i.e., Dneutron=(4Dd-Du)/ 3 in the 5U (6) quark model. The EDM of quark is obtained from the imaginary part of the one-loop diagram schematically shown in Fig. 1 . Hereafter we consider the u-quark only, because Du~ -2Dd and thus Dneutron~ -Du.
We estimate the EDM by using the interaction Lagrangian (B·2) in Appendix B. There are three one-loop diagrams contributing to the EDM of u-quark as shown in Figs. 2(a), (b) and (c). These diagrams come from the propagations of;ta (gluino), Xa (neutral gauginos and Higgsions) and Xk± (charged gauginos and Higgsinos). It should be understood that the photon line attaches to each charged internal field.
The contribution from gluino propagation (5U(3) interaction) shown in Fig. 2 (a) is
where masses are chosen to be real. We see from Eqs. (3·1) arid (3·2) that Du(a) vanishes due to the unitarity of QU, if all scalar u-quark masses, m/, are equal.
Therefore Eq. (3·1) should be proportional to the mass difference between scalar uquarks. In the leading order of mass difference we have 
We have used the identity derived from Eq. (2·12) to get the second equality of Eq. (3·4).
Taking e// 47r~1O-1, Igull·v21=mu_quark~10
MeV and assuming IAulll~l, M 3 (gluino mass)~ m(averaged mass of scalar u-quark) ~lmgl~102 GeV, we have*)
where 0 a is the CP phase coming from the imaginary part in Eq. (3·4).
N ext we consider the contribution from the propagations of neutral gauginos and Higgsinos (SU(2)X U (1) and Yukawa interaction) shown in Fig. 2 Finally we study the contribution due to propagations of charged gauginos and Higgsinos shown in Fig. 2(c 
The term containing r 2 Ge V and the CP violating phases are not very small. Therefore the EDM of neutron may become a serious problem in these types of supersymmetric models. § 4. Suppression mechanism
The complex phases relevant to the EDM come from Yukawa couplings, and unitary matrices which diagonalize mass matrices of superparticles. Note that these unitary matrices are in general complex because mass matrices consist of complex parameters such as mgA'f{'lr, VI, V2, fl., Yukawa couplings and Ma• N ow we examine how many complex phases of parameters can be absorbed by the redefinition of phases of fields. The parameters at low energy are determined according to RGE 3 ).4) by using Eqs. (2·3)~(2·5) as initial conditions at the Planck scale. If we can make all parameters real at the Planck scale, they remain real even at low energy.
Let us see whether all parameters can be made real at the Planck scale. You can see from Lagrangian (2·2) that all complex parameters are in ..LYUkaWa, ..LH!ggs and ..LSOft. We consider a phase transformation induced by R-rotation. The R-rotation is suitable for our purpose because it changes the phases of parameters in F-terms and soft SUSY breaking terms, but leaves D-terms (kinetic and gauge terms) unchanged.*) The most general R-rotation is given as 
EnC-'>exp(ioE n ). En c , Unc-'>exp(iounrUn c ,
Qn-,>exp( -iOqn )Qn , ii -'>exp( -iOH)ii , Ln-,>exp( -iOLn)Ln, i5nc-'>exp(ioD~)i5nc , ii' -,>exp(iow )ii' , 8-'>exp( ---:-is)8 ,(4·1)
-'>exp[ -i(OH-ow-2S)]fl. , gEnn-,>exp[ -i(OL n -OE n +OH-2S)]gE nn , gunn-'>exp[ ~ i(oQn-ou n -ow-2S)]gu nn , gDmn-,>exp[ -i(OQn-ODm+OH-2S)]gDmn , mgA -'>exp( -2iS)mgA, mgB-'>exp( -2iS)m g B ,
where M is defined in Eq. (4·3). Once this condition is satisfied at the Planck scale, all dangerous contributions to the EDM vanish. Although condition (4·3) seems to be a sufficient one, it is shown in Appendix C that it is really a necessary and sufficient one. Let us investigate realistic models which realize condition (4·3). Before going into details we give the conditions which are indispensable for the realistic models:
1) fJ. =1= 0 to avoid massless charged fermion,4) 2) M(initial value of Ma)=I=O to avoid massless gluinos, 3) Yukawa coupling gu 33 is sufficiently large to provide the spontaneous breakdown of SU(2)X U(1) radiatively.3).4) We present two models which satisfy the above conditions as well as condition (4·3).
Model I: (minimal parameter model)
With regard to conditions 1)~3), A and B are free parameters. Therefore we may consider a model with the following constraint at the Planck scale.
A=B=O. (4·4)
In this case condition (4·3) is automatically satisfied. In fact the values of A mg and Bmg at low energy are determined essentially by the initial value of Ma(M) according to RGE given in Ref. 4) . Therefore all parameters are real at low energy, and thus all large contributions to the EDM considered in §3 vanish. This model contains smallest number of independent parameters (minimal parameter model). The phenomenological aspect of this model aside from the EDM has been studied by Inoue et aP) They found that there is no apparent discrepancies with the present experimental data. This model predicts top quark mass to be larger than 60 GeV. 3 ) Let us discuss how the condition A = B = 0 is realized in models where soft SUSY breaking terms are induced by the spontaneous breakdown of local SUSY. In the usual superpotential, where the hidden fields which break supersymmetry do not couple directly to the ordinary fields, the relations A=B+ 1 is also predicted at the tree level,4) and it is impossible to take A = B = 0 at the Planck scale. However in a class of superpotentials which have coupling terms between hidden and ordinary fields as given in Appendix D, the parameters A and B become free ones so that we can take A=B=O.
Model II:
When local SUSY is spontaneously broken in the Polonyi potential,11) both A and B are real at the Planck scale as shown in Appendix E. Further if the Yang-Mills-Iocal ,SUSY coupling is minimal, the masses of gauginos are zero at the tree level. They are generated through the one-loop diagram and are found to be
where a = g2 /4 Jl' and T is the total quadratic Casimir of contributing fields. Therefore M and mg have the same phase, and condition (4·3) is satisfied naturally. Thus there is no dangerous contribution to the EDM in this model. This model is consistent with all other experiments, and gives no restriction on top quark mass.
) § 5. Summary and discussion
We have examined how many complex phases of parameters can be absorbed by the redefinition of the phases of fields in the model described in §2. In general it is impossible to make all parameters real. We derived the condition on the phases of complex parameters (4·3) at the Planck scale to make all parameters real except for the off diagonal parts of gD mn • If this condition is satisfied, all dangerous contributions to the EDM vanish. We presented two realistic models which satisfy this condition.
Model I consists of the smallest number of independent parameters indispensable for realistic models. Here soft breaking terms consist of only mass terms of superparticles at the Planck scale, i.e., A=B=O in Eq. (2·2c). In this model complex parameters Amg and Bmg are induced from the gaugino mass M according to RGE. Thus condition (4·3) is satisfied automatically.
Model II is the case where gauginos are massless at tree level but get masses from the one-loop diagram. Then the complex phases of gaugino masses are related to those of other soft breaking parameters. Thus there is a possibility to satisfy condition (4·3). As a realistic example, we considered the case where the potential is the Polonyi type and the Yang-Mills local SUSY coupling is minimal. In this case the parameters A and Bare real, and the induced gaugino masses are proportional to mg. Therefore condition (4·3) is satisfied automatically.
Although the dangerous one-loop contributions to the EDM vanish in these models, there still remain some one-loop contributions due to the off diagonal parts of gD mn , i.e., due to the Kobayashi-Maskawa CP-violation mechanism, which we neglected in the previous discussion. The typical diagram of them is shown in Fig. 3 by using the mass insertion method. (See the interaction Lagrangian (A·6).) Three mass insertions are necessary by the following reason: The scalar three point interactions in soft breaking terms (2·2c) act as mass-insertion terms. Since these terms change chirality, we need odd number of mass-insertions. Furthermore we need flavor changing in the internal scalar quark line to have the imaginary part. Since the quarks of external lines are those of first generation, we need at least two flavor changing in the internal line. Thus more than three mass insertions are necessary. The rough estimate of the contribution corresponding to Fig. 3 is
where U is the KM matrix. Note that if all parameters AD ln are equal, contribution (5·1) vanishes due to the unitarity of U. Therefore Eq. (5'1) should be proportional to the differences of ADln. In order to estimate the maximal value of this contribution, the typical term in the sum of Eq. (5·1) is considered:
where SI, S2, S3 and 8 are the KM mixing angles and CP-violating phase, respectively. The numerical value has been given by using sl~O.25, S2~S3~O.05, 12)A ~1 and Eq. (3·6). Therefore the contribution (5'1) is at most [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] e' cm, which is much lower than the present experimental upper bound.
Finally we comment that if there is no suppression mechanism of the EDM, the masses of superparticles should be considerably heavy to suppress the EDM, for example from Eq. (3) (4) , (5'3) or in other words by assuming M3 ~ mg, The parameter AD mn is independent of suffix m even at low energy in view of the Lagrangian (2·2) and the particular structure of RGE for AD mn ,
Hereafter we write ADmn as ADln. Now we take the mass eigenstate basis of quarks in the superfields, {jnc, Dn c and (Qn u , Qn d ). By using the same notation f011" the fields of mass eigenstate, the interaction Lagrangian becomes as
From the gauge interaction parts of this Lagrangian, we see that U is interpreted as the Kobayashi-Maskawa (KM) matrix, which is known to be almost diagonal. 12 ) Thus in a good approximation we can take gD mn to be diagonal. 
--Necessary Condition to Suppress the EDM --
In the text we showed that condition (4·3) is sufficient to make all parameters real except for the off diagonal terms of the Yukawa couplings. Here we show that this condition is also the necessary condition to suppress the EDM.
First we choose all masses of gauginos (Ma) real. Since the large contribution (3·6) is proportional to the factor Im(gull·mgAullv2)=mU_quark·Im(mgAull), we have to make mgAu ll real to kill this contribution.
The CP phase 8c in the large contribution (3-13) is given as By these discussions we find that the parameters Ma, mgA and mgB have to be simultaneously real to suppress the large contributions to the EDM, and condition (4 -3) is necessary.
Appendix D --The Superpotential--
For superpotential, j, the scalar potential is given by2)
where Zi is a scalar component of chiral superfield and x=(8Jl'G)1/2. We take the following superpotential:
where X and A j represent the hidden and the ordinary fields, respectively. The first term is the Polonyi potential. (D·n
The combinations of parameters in Eq. (D·n are all independent, thus, the scalar 3-and 2-point couplings become free parameters.
